Abstract -This paper presents a SPICE [ l ] macromodel for a 1-megawatt high power electrical switch which uses power MOSFETs as the active switching elements. The model accurately predicts the time dependent switching current and provides a reasonable representation of the time dependent switch resistance and voltage drop across the switch. Techniques for extracting model parameters for commercial power MOSFETs are discussed along with suggestions for extending the model to spark gaps and other high power switches.
Introduction
Many explosive systems such as conventional armaments are electrically activated. To fire the systems, charge is stored on a capacitor and then suddenly switched so that the capacitor discharges through electrical detonators. As it is often both expensive and difficult to simply build and test systems, simulation of the explosive electrical system is becoming an important activity. To perform these simulations with available electronic circuit simulators, some type of model which accurately depicts the switching characteristics of available switch components is required. As none of the commercially available simulators have a built in capability for high energy (h~gh voltage, high current) switches, a macromodel approach is necessary.
The macromodel developed in this paper simulates high power switching elements such as power MOSFETs operated in the avalanche breakdown mode. Each parameter set developed is very specific to the power MOSFET and external circuit elements used.
The basic macromodel, however, is uncomplicated; and the approach used to extract circuit-specific model parameters from experimental data is presented.
Background
Typical applications of high power switches in explosive systems require the switch to hold off potentials of 1000 V or more stored on special low inductance capacitors. Then, on command, the switch is required to pass on the order of 1000 A with very low power losses in the switch itself.
This requires the switch to change within a few tens of nanoseconds from an approximately open circuit to a conducting state with resistance on the order 0fO.l n.
High power MOSFETs typically can switch from a few amps to a few tens of amps and hold off voltages ranging from a few tens of volts up to as much as 1000 V. For higher voltage devices, on-state drain-source resistances (RDSon) of 5 to 10 are common.
In the normal safe operating area, due to their relatively high values of RDSon, power MOSFETs cannot switch sufficient power to fire detonators.
However, if the MOSFET is holding off a voltage approximately equal to its rated breakdown voltage, it can go outside its safe operating area and enter an avalanche breakdown mode, conducting hundreds to thousands of amps with a very low on-state resistance. For this to occur, the net reactance of the other circuit elements must be sufficiently low (on the order of 0.25 to 0.5 n with typically 100 nH of inductance).
Any attempt at modeling the avalanche mode power MOSFET requires the model to behave like a normal power MOSFET in the safe operating area and then transition to the avalanche mode when the drain current density exceeds a threshold value.
Model Development mode in a high power switching application is presented in Figure 1 . Figure  2 shows the schematic of a typical laboratory circuit for all switches discussed in this paper. Note that during the initial part of the pulse in Figure 1 , the MOSFET operates in the "normal" conduction mode, and the current increases at an approximately constant rate. This rate is determined by the normal RDSon of the MOSFET and by the external circuit parameters. Then, suddenly, when the drain current density reaches a threshold value, the slope of the current waveform increases sharply; IDS rises to around 1000 A; and VDS falls off sharply. The circuit then begins to ring with the characteristics of an RLC circuit. what has been called am "avalanche breakdown mode." Analysis of the firing of numerous types of power MOSFETs suggests that the onset of avalanche breakdown occurs when current density passing through the MOSFET reaches some approximately fixed threshold value. Once this current density threshold is reached, the MOSFET enters the avalanche breakdown mode and conducts a much greater current with very low voltage drops. For a given device type, this threshold current density corresponds to a threshold current.
Modeling Approach Circuit Behavior
An example of the draim-source voltage ( V D S ) and current (IDS) characteristics of a power MOSFET conducting in the avalanche breakdown Any model developed would need to approximately duplicate these firing characteristics, including the time dependence of the initial current, the threshold current value, and the current and voltage characteristics during avalanche operation.
A schematic of the avalanche mode power MOSFET macromodel is presented in Figure 3 , while a netlist for a model designed to simulate a particular switch is presented in Table 1 . The netlist in Table 1 includes both the subcircuit AVALMOS (which represents the actual MOSFET referred to as XAVAL) and the external circuitry (a resistor, an inductor, and a capacitor) used to simulate the appropriate lab circuit. 
Parameter Extraction
Parameter extraction for the model is straight forward and requires known values of external circuit elements, measurements from laboratory data, and a series of simple calculations.
Parameter calculations for the model require knowledge of the following values from the actual lab setup: the capacitance and initial voltage of the external capacitor, and the value of the load resistance. )* Begin Latch Circuit ** .
END (MICROS1M)-SPECIFIC DEFAULT FOR IBV FOLLOWS
* * * * * * * * * * * * * * * * * * e END SUBCIRCUIT * e * * * * * * * * * * * * * * * * Also required are "ring down" measurements from the actual laboratory MOSFET circuit. The ring down measurement consists of digitized traces of the MOSFETs VDS and IDS as a function of time. An example of ring down data appear in Figure 1 and are specific to the actual laboratory components used.
Model parameter values are initially calculated using the method outlined in Table 2 and later fine tuned to improve the accuracy of the simulations. For example, for the IDS waveforms, target characteristics of the fine tuning process include peak values, initial frequency, and ratios of 
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RDnorm AND RDaval give a proper total resistance during avalanche (see Table 2 ). MOSFET parameter RD in the MOSNORM statement ("RDnorm") is the most difficult to accurately calculate. Its time dependent "values" are determined by dividing IDS into VDS just prior to avalanche, can vary by two orders of magnitude, and steadily decrease with time. An initial best guess for m o m is supplied to the macromodel; usually, RDnorm is then gradually decreased until the critical current for avalanche is reached.
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Some complications exist in lab data which make a simple macromodel of avalanche MOSFET behavior difficult to create. Both RDnorm and RDaval are dynamic over time. The changes in total resistance of the laboratory circuits dramatically affects the frequency of oscillation as seen in IDS waveforms. Also, the decay of IDS is only approximated as being purely exponential.
Model Evaluation

Simulation Performance
The overall performance of the macromodel exceeded our requirements. Actual applications relied on the drain current supplied through the load. Consequently, this work concentrated on accurate simulation of IDS. As seen in Figure 5 , the simulation of VDS for Circuit 2 was qualitatively correct before avalanche. Drain-source capacitor CDS is added to create the "shelf" seen in the simulated VDS waveform just prior to avalanche in Circuit 2. The simulation of VDS did have some problems.
The greatest shortcoming of the model (as seen in Figure 5 ) is the phase difference between the measured and simulated VDS curves. This may be due to a lack of inductance in the subcircuit representing the MOSFET.
Despite the model's need for improved voltage simulations, it still has important uses. The model allows a designer to explore some variations in fireset circuit capacitance, inductance, and detonator resistance. Making such variations in a simulation will help designers to optimize the fireset circuit design analytically without having to resort to slower and more expensive laboratory bench testing.
Model Achievements
Th~s model is believed to be both new and novel. It is the only attempt the authors know of to model power MOSFETs operating in the avalanche breakdown mode. The model relies on a novel combination of two MOSFETs with different resistances in parallel, combined with a latch and sensing circuit to control the firing of the low-resistance MOSFET. While t h~s model does not exactly represent the firing characteristics of spark gap type high-energy switches, its performance is sufficiently close to allow a designer to replace the MOSFET in a circuit with a spark gap, take data, and extract model parameters.
Compatibility with SPICE Version 2G. 6
A model that is SPICE2G.6 [3] compatible will be of use in the broadest range of circuit simulators. An example of the macromodels developed here is shown in Table I . Although every effort was made to keep this model SPICE2G.6 compatible, PSpice's MOSFET channel width parameter W was used to improve the accuracy of the simulations. All other PSpice-specific parameters have been left at their default values. The only other deviation from the 2G.6 format is the unique default that PSpice uses for the diode model parameter IBV (current at breakdown voltage).
While PSpice uses 1E-10 as its default value, SPICE2G.6 uses IE-3. The parameters that are specific to PSpice have been separated out for reference when converting the macromodel for use in a SPICE2G.6 compatible simulator. Note also that any parameter whose default value is infinite has been set equal to 1E32 in the netlist of Table 1 .
Summary and Conclusions
We have developed and demonstrated the operation of a SPICE compatible macro circuit model for high power switches. The model accurately simulates the firing characteristics of the drain-source current of a commercial power MOSFET operating in an avalanche breakdown mode. The model parameters are relatively easy to extract from measured ring down data taken on actual components. Slight modifications of the model would allow it to be used to approximately simulate the firing characteristics of high energy switches which use spark gaps.
